Summary We present results of a randomized, placebocontrolled trial to examine the effect of 50 mg daily oral DHEA supplementation for one year on bone mineral density (BMD), bone metabolism and body composition in 225 healthy adults aged 55 to 85 years. Introduction Dehydroepiandrosterone (DHEA) levels decline dramatically with age, concurrent with the onset of osteoporosis, suggesting a role for DHEA supplementation in preventing age-related bone loss. Methods We conducted a randomized, placebo-controlled trial to examine the effect of 50 mg daily oral DHEA supplementation for one year on bone mineral density (BMD), bone metabolism and body composition in 225 healthy adults aged 55 to 85 years. Results DHEA treatment increased serum DHEA and DHEA sulfate levels to concentrations seen in young adults. Testosterone, estradiol and insulin-like growth factor (IGF-1) levels increased in women (all p<0.001), but not men, receiving DHEA. Serum C-terminal telopeptide of type-1 collagen levels decreased in women (p=0.03), but not men, whereas bone-specific alkaline phosphatase levels were not significantly altered in either sex. After 12 months, there was a positive effect of DHEA on lumbar spine BMD in women (p= 0.03), but no effect was observed for hip, femoral neck or total body BMD, and no significant changes were observed at any site among men. Body composition was not affected by DHEA treatment in either sex.
Introduction
Dehydroepiandrosterone (DHEA) and DHEA-sulfate (DHEAS) are abundant steroid hormones produced by the adrenal gland and are an important source of sex hormones in older adults. Levels of DHEA(S) decline markedly with age in parallel with the decrease in bone mineral density (BMD), suggesting a protective role for DHEA(S) in bone metabolism [1] . Osteogenic effects of DHEA treatment have been demonstrated in older people, consistent with the conversion of DHEA to active androgens and estrogens in local tissues such as bone [1] . Other mechanisms through which DHEA may exert an effect on bone include enhancement of insulin-like growth factor (IGF-1) bioactivity and regulation of bone-specific enzymatic activity [2] [3] [4] . Most studies evaluating the effect of exogenous DHEA on BMD and bone metabolism have had small sample sizes and/or short durations, or have been conducted in men and women with low levels of DHEA due to disease [4] [5] [6] [7] [8] [9] . Large, long-term, placebo-controlled clinical trials of DHEA administration to older healthy individuals with the aim of preventing bone loss and osteoporosis are rare and results are mixed [10, 11] . Meanwhile, DHEA supplements are being widely used by the general public to prevent age-related diseases, including bone loss, without a careful examination of adverse effects versus possible benefits.
The purpose of this study was to determine the effect of 50 mg daily oral DHEA replacement for one year on BMD, bone metabolism and body composition in older healthy adults unselected for lower levels of DHEA.
Design and methods
The DHEA And Well-Ness (DAWN) study was a doubleblind, placebo-controlled randomized trial designed to determine the effect of a 1-year course of 50 mg daily oral DHEA supplementation. Between June of 2001 and May of 2003, 110 men and 115 women aged 55 to 85 years who were not currently using any hormone therapy were enrolled. Participants were healthy, community-dwelling individuals, unselected on the basis of DHEA level at entry. Details of the rationale and design are published elsewhere [12] . This study was approved by the Human Subjects Protection Program of the University of California San Diego; all participants gave written informed consent prior to participation.
Body mass index (BMI) was calculated as weight (kg)/ height (m) 2 . Bone mineral density (whole body, total hip, and spine) was measured at baseline, 6 and 12 months by a certified Hologic radiology technician using dual-energy xray absorptiometry (DXA) (Hologic QDR model 2000; Hologic, Inc., Waltham, Massachusetts). Body composition, including the proportion of abdominal fat, percent body fat, and lean body mass, was assessed using DXA. Blood samples at baseline and follow-up visits were obtained in the morning, after a requested 12-hour fast. Plasma was separated and stored at −70°C for later measurements of sex hormones, including DHEA(S) and other biomarkers.
Bone marker concentrations, estradiol, testosterone, IGF-1 and IGF binding protein 3 (IGFBP-3) levels were measured at 0, 3, 6 and 12 months. Serum levels of Cterminal telopeptide of type-1 collagen (CTx) were measured by ELISA (Serum Crosslaps® ELISA: Nordic Bioscience Diagnostic A/S); intra-assay CV=3.2%, inter-assay CV= 7.2%. Serum bone-specific alkaline phosphatase (BSAP) was measured by EIA (enzyme immunoassay; Metra BAP EIA kit); intra assay CV=3.2%, inter-assay CV=2.8%. Steroid hormones were measured in the UCSD Reproductive Endocrinology laboratory. Levels of estradiol, testosterone, and DHEA were determined by radioimmunoassay after solvent extraction and celite column-chromatography [13] ; DHEAS was measured by direct RIA. The sensitivity and the intra-and inter-assay coefficients of variation respectively were 11 pmol/L, 5.9% and 7.1% for estradiol; 0.07 nmol/L, 4.0% and 4.9% for testosterone; 0.14 nmol/L, 6.1% and 7.1% for DHEA; 0.07 μmol/L, 3.0% and 6.3% for DHEAS. IGF-1 and IGFBP-3 were measured by highly specific two-site IRMA kits from Diagnostics Systems Laboratory (Webster, TX). The sensitivity and intra-and inter-assay coefficients of variation, respectively, were 2 ng/ ml, 4.9% and 5.1% for IGF-1; and 0.05 ng/ml, 3.0% and 1.0% for IGFBP-3. All samples for each participant were assayed side by side in the same assay minimizing both intra-and inter-assay variability; all analytes were measured in duplicate. In addition, potential adverse effects of DHEA administration were monitored by safety measures including chemistry and hematology panels to screen and serially monitor renal and liver function, blood counts and prostate-specific antigen (PSA) levels for men. An independent data safety and monitoring board met eight times during the 34 months of data collection to review potential side effects and to assure participant safety. The importance of any rise in serum PSA levels was arbitrated by an urologist who was independent of the study.
Statistical analyses
Analyses were performed on an intent to treat basis. Differences between groups were analyzed with t-tests for continuous variables and chi-square analysis for categorical variables. Baseline DHEA and testosterone levels were higher in women randomized to treatment than those randomized to placebo (p=0.003 and p=0.01, respectively). Analyses adjusted for baseline DHEA levels or baseline testosterone levels yielded similar results; only results of analysis adjusting for baseline DHEA levels are presented. Significance tests were two-sided with an alpha level of 0.05. Repeatedmeasures analyses were performed with linear mixed models to analyze cross-sectional and longitudinal comparisons of outcome measures between the treatment and placebo groups, the independent effect of time (0, 3, 6 and 12 months), and the interaction of time by group. Models were adjusted for potentially confounding covariates. Because there was a sex by treatment group interaction, results are presented stratified by sex. The DAWN trial was designed to examine DHEA effects by sex and by age group (55 to 70 years versus 71 to 85 years) [12] . A more detailed explanation of the statistical analyses utilized in this study can be found in our previous publication [12] .
Results
At baseline, the mean (±SD) age for both men and women was 68.7±7.9 years (range 55 to 85), mean BMI was 27.0± 3.3 for men and 26.6±4.3 for women. Comparisons of baseline characteristics by treatment status for men and women are shown in Table 1 . Within each sex there were no differences between treatment and placebo groups in age, lifestyle variables, body composition, BMD, bone markers or IGF-1 levels (p>0.05). Baseline serum testosterone and DHEA levels were higher in women randomized to treatment than those randomized to placebo (median (IQR)= 0.70 (0.42) versus 0.54 (0.28) nmol/l, p=0.01 and 6.47 (5.99) versus 5.17 (3.58) nmol/l, p=0.003), respectively. There were no significant differences in PSA levels between men in the placebo versus DHEA treatment groups at baseline or at any follow-up visit; mean (SD) serum PSA was 1.38 ng/ml (0.97) at baseline and 1.46 ng/ml (1.16) at the 12-month follow-up visit.
DHEA(S), testosterone and estradiol
For both men and women, DHEA treatment restored DHEA and DHEAS levels to those of young adults at 3 months of treatment, and the two-to fourfold increase (P< 0.001) was sustained throughout the 12 month treatment period. A significant increase in levels of testosterone and estradiol was observed in women on DHEA treatment, but no changes in these hormones were observed for men. The approximately 60% increase in testosterone and 40% increase in estradiol in women were significant at 3 months of treatment, and these higher levels were maintained throughout the trial. No changes in these hormones were seen in the placebo group at any sampling interval (Fig. 1 ).
Bone markers
Serum concentrations of CTx, a marker of bone resorption, showed a slight but significant decrease in women in the treatment group, whereas levels were constant in the placebo group (p=0.03 for treatment effect); no effect was (Table 2 ). Serum concentrations of BAP, a marker of bone formation, did not vary by treatment status in either men or women (Table 2) .
IGF-1, IGFBP-3 and IGF-1/IGFBP-3
A significant increase in IGF-1 and the IGF-1/IGFBP-3 ratio over time was observed in women on DHEA treatment as compared to placebo (p<0.001 for both). Both IGF-1 levels and the IGF-1/IGFBP-3 ratio increased by more than 20% and these increases were maintained throughout the 12 month treatment. There was no significant effect of treatment on IGFBP-3 levels in either sex, and no significant difference in IGF-1 or the IGF-1/IGFBP-3 ratio by treatment status in men (Table 2 ).
BMD
After 12 months, there was a slight increase in BMD of the lumbar spine in women on DHEA treatment and a slight decrease in women on placebo (p= 0.03 for treatment effect). These differences were significant before and after adjusting for weight, physical activity and baseline values of DHEA. DHEA treatment did not significantly affect BMD of the femoral neck, hip or total body in women, and no significant changes in BMD were observed at any bone (Table 3) .
Body composition
Body composition, whether assessed by BMI, total fat mass, abdominal fat mass, lean body mass, lean/fat index, or waist to hip ratio, was not affected by DHEA treatment in either sex (data not shown).
Compliance and adverse effects
At the 12-month follow-up, overall mean compliance was 95% in the treatment group and 94% in the placebo group. During the study, 23 participants who received DHEA replacement and ten participants who received placebo experienced adverse events that led to treatment discontinuation ( Table 4 ). Events that contributed most frequently to treatment discontinuation were chest pain (three participants receiving DHEA and one placebo) and palpitations (four participants receiving DHEA and one placebo) and a greater than 1.4 ng/ml increase in PSA levels in men (five receiving DHEA and two placebo). PSA levels returned to normal in all but one man after discontinuing DHEA. One man was diagnosed with prostate cancer after the 3-month follow-up; it was determined that his cancer had started prior to his participation in the study.
Discussion
Results of this clinical trial suggest a small beneficial effect of DHEA treatment on bone metabolism and bone mineral density, but only for women. Treatment with a 50 mg daily dose of DHEA for 12 months had a small but significant Analyses performed with mixed models adjusting for age, exercise, weight and baseline levels of DHEA Time*Group=time by group interaction positive effect on BMD of the lumbar spine in women, as well as a beneficial effect on CTx, a marker of bone resorption. These results were independent of known confounders or baseline levels of DHEA. Similar positive bone effects were not observed in men and no beneficial (or adverse) effect of DHEA treatment on body composition was found in either sex. The administration of 50 mg of DHEA was safe and no major adverse effects were observed. Unlike many published studies, men and women were recruited for the present study without selecting for lower levels of DHEA, enabling an examination of the effects of DHEA in the general population. DHEA is available over-the-counter in the United States as well as other countries, and is largely used as a preventive agent for age related diseases without a thorough understanding or careful examination of adverse effects versus possible benefits. The present study addresses the effect of DHEA in an older sample of relatively healthy communitydwelling men and women.
Evidence from previous studies indicates that DHEA supplementation may increase levels of BMD and have a beneficial effect on bone turnover markers in older adults with low levels of endogenous DHEA [5, 18] , in men and women with adrenal insufficiency [5, 10, 14] , and in women with anorexia nervosa [6] . A recent clinical trial with 87 men and 57 women aged 60 and older selected for low DHEAS levels, found that 75 mg of DHEA daily for men and 50 mg of DHEA daily for women administered for 2 years was associated with a small but significant increase in femoral neck BMD in men and a small but significant increase in BMD at the ultradistal radius in women when compared to participants receiving placebo [14] .
The case for a beneficial effect in older individuals unselected for low levels of DHEA is less clear, with small studies using varying dosages and reporting contradictory results. For example, Labrie and colleagues [8] conducted a cross-over clinical trial with 14 women aged 60-70, and reported that use of a 10% DHEA cream for 16 months led to a significant decrease in markers of bone resorption (hydroxyproline/creatinine ratio) and bone formation (BSAP), and an increase in hip BMD, but had no effect on lumbar spine. In a clinical trial of 86 men with osteoporosis [15] , daily use of 100 mg of DHEA for 6 months increased BMD at both the lumbar spine and femoral neck. In contrast, a small study of ten women and nine men aged 50 to 65 years using a 100 mg dose of DHEA and a cross-over design, reported no effect on BMD at the hip, lumbar spine or total body, and no change in urinary pyridinoline, a marker of bone resorption [9] .
The only other relatively large clinical trial conducted in a sample non-selected for low DHEA was done by Baulieu and colleagues [11] , who recruited 280 older French men and women attending a geriatric clinic for a variety of minor age-related symptoms, such as asthenia, memory complaints and anxiety. After 12 months of supplementa- tion with 50 mg of DHEA versus placebo, a significant increase was found in BMD at the femoral neck and Ward's triangle (trabecular bone) in women less than 70yrs old, and at the total radius in women 70 years and older. As in our study, no effect of DHEA was found among the men. The results from Baulieu and colleagues along with those observed in the present study suggest a sex-specific effect of DHEA on bone metabolism in healthy older adults. Body mass index is recognized as one of the strongest predictors for BMD in both men and women [16, 17] , and recent studies suggest that body composition has a stronger contribution as a determinant of BMD than body size [18] [19] [20] [21] . However, in accord with most previous studies [5, 10, 14, 22, 23] , DHEA supplementation in this trial did not alter measures of body size and body composition in either men or women, suggesting that the small effect of DHEA on bone was not mediated by an effect on body composition.
The sex-specific biotransformation of exogenously administered DHEA might help explain the sex differences observed in this study. Both testosterone and estradiol levels were increased in women receiving DHEA treatment as seen in other studies [11, 14, 24, 25] , while no changes were observed among the men. The apparent absence of any discernible bioconversion of DHEA to active sex hormones among men, despite a two-to fourfold increase in circulating DHEA levels was unexpected. While most studies using 50 to 100 mg of DHEA also reported no change in testosterone levels in men [4, 9, 11, 14, 22, [26] [27] [28] , most have described a change in estradiol. An increase in estradiol levels was reported by Kahn and colleagues after 6 months of daily DHEA supplementation (90 mg) in 43 healthy men aged 56 to 80 years old [4] , and by Baulieu and colleagues after administering 50 mg of DHEA daily for 12 months to 140 healthy men 60 to 79 years old [11] . Recently, Nair and colleagues reported an increase in estradiol levels after 24 months using 75 mg/daily in 87 men aged 60 years and older [14] . However, no effect was reported by Morales and colleagues in two different studies using doses of 50 and 100 mg DHEA daily for 6 months [9, 26] , or by Villareal and colleagues using a daily dose of 50 mg for 6 months [29] . It is possible that a longer duration or higher dose than that used in the present study is necessary for DHEA supplementation to augment estrogen levels in men.
In accord with previous studies [26, 30] , we found that DHEA increased the concentration of circulating IGF-1 in women, but unlike the same studies, we did not find any effect in men. Insulin-like growth factors are growthpromoting polypeptides that have an important role in regulating osteoblastic and osteoclastic functions, and maintaining bone mass [31] . Previous animal and human studies provide indirect support for the hypothesis that circulating IGF-1 plays an important role in the acquisition of bone mass [32, 33] . Cross-sectional studies show positive correlations between serum IGF-1 and BMD in areas with a high proportion of trabecular bone and high bone turnover such as the spine [34] . Langlois et al. [35] reported a relatively strong correlation between serum IGF-1 levels and BMD at several sites in women from the Framingham cohort, and low serum levels of IGF-1 were also associated with greater risk of hip fractures among a large cohort of older postmenopausal women in France [36] . Systemic and local effects of IGF-1 are modulated by a group of proteins, the insulin-like growth factor binding proteins (IGFBPs), which have high affinity and specificity for the IGFs. Approximately 75% of the IGF-1 in the circulation is carried in a complex with IGFBP-3 [37], and IGFBP-3 is believed to play a significant role in regulation of the bone remodeling process in humans by enhancing the anabolic effects of IGF-1 on bone [31] . IGFBP-3 levels were not changed in this trial, but the 20% increase in IGF-1 in women resulted in a significant elevation of the IGF-1/IGFBP-3 ratio. The selective increase in both IGF-1 and lumbar spine BMD, a site with abundant trabecular bone among the women randomized to DHEA suggests a causal link.
The observed beneficial changes in BMD and bone markers in women may reflect the combined effects of peripheral conversion of DHEA to sex steroids and a DHEA-induced increase in circulating IGF-1. Similar results were not observed in men, and the clinical significance of DHEA in preventing or treating osteoporosis in women is questionable. Longer trials may be necessary to allow for a positive and clinically significant effect of DHEA on bone mineral density. Although there were no serious adverse events related to DHEA treatment during this study, other more effective and as well tolerated treatments for osteoporosis are available. 
